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ABSTRACT

Metallic “bowtie” nanoantennas consisting of two opposing tip-to-tip Au triangles have been fabricated with triangle lengths of 75 nm and
gaps ranging from 16 to 488 nm. For light polarized along the line between the two triangles, the plasmon scattering resonance first blue-
shifts with increasing gap, and then red-shifts as the particles become more and more uncoupled, while perpendicularly polarized excitation
shows little dependence upon gap size. This behavior may be approximately understood in a coupled-dipole approximation as changes in the
phase between static dipole—dipole interactions and dipole radiative interaction effects.

Researchers have long investigated methods to overcome theonfined to the area near the gamall gaps between two
diffraction limit, which bounds the lateral resolution of an nanometer-scale particles have also been implicated in
optical system to~ A/(2 NA) with 7 the optical wavelength  producing electromagnetically enhanced “hot spots,” enabling
and NA the numerical aperture. Aperture-based near-field the detection of surface enhanced Raman scattering (SERS)
techniques, where light is squeezed through a tiny hole, cangf single molecule§.However, all single-molecule SERS
achieve lateral spatial resolution on the order of the hole gt,dies to date have used randomly deposited colloidal
diameter. In practice, near-field microscopic images have paticles, and SERS would greatly benefit from metallic
been recorded by modified optical f|_be_r tips, but these are nanoparticles of controllable shape and size designed to
fragﬁne and plagued by poor t.ransmlssmn, on the order of produce strongly enhanced E-fieRiShis has motivated a
10 .for pulled metal-goated f|per probégintenna th_eory renewed interest in particle scattering studies, with the aim
predicts that electric fields (E-fields) are enhanced in close of understanding the near-field coupling of closely spaced

proximity to sharpened metal points with a radius of . . .
curvature much smaller than the incident illumination metallic particles much smaller than the optical wavelength.

wavelength, the so-called lightning-rod effect that has been Recently, it has been shown that touching pairs of Ag
recently applied at optical frequencies, producing lateral nanoparticles have a strongly red-shifted scattering spectrum
resolution on the order of the curvature of the pdiiithe when light is polarized along the pair, i.e., parallel to the
E-field enhancement in apertureless near-field systems hasaxis that joins the nanoparticle centers, but the spectrum
been exploited to produce an ultra-small, ultra-intense light resembles single-particle scattering when the polarization is
source that has applications in high-density optical storage, perpendicular to the particle paft.Coupling effects have
high-resolution optical imaging, and laser spectroscopy, also been explored as a function of gap length in lithographi-
including enhanced fluorescercand Raman scatterirtg. cally produced samples for both arrays of partitiésand
Small metallic particles with sharp points also produce even for single pairs of particléIn this paper, we describe
locally enhanced E-fields, and rod-shaped and triangular the lithographic production of coupled-particle “bowtie”
antennas have recently been made resonant in the infrared.antennas, resonant at optical frequencies, and investigate the
In the microwave regime, it has been shown that a *bowtie” yesonant scattering spectra of single bowties with gaps
shaped antenna, where two metallic triangles facing tip-0- 4ryving over a large range to better understand the electro-
tip are separated by a small gap, produces a large E-fieldy, netic and plasmon properties of these antennas. This is
_ _ the first report to our knowledge of both the coupling-
:gggaerstﬁ%”n‘:'g? gﬁg;girs'tsma": wmoermer@stanford.edu dependent blue-shift as well as the red-shift of the peak
* Department of Electrical Engineering. scattering wavelength for individual metallic bowtie antennas.
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a radius of curvature of 1& 2 nm with a half-angle of 32

+ 3 degrees. The “halo” around the nanostructures shown
in Figure 1 is due to charging effects that occur while
obtaining slow-scan, high-resolution SEM images. Single
bowties were separated by 1fn in both directions to
eliminate long-range coupling effects and to ensure that
scattering from a single bowtie was collected.

e 100 nm Single bowtie scattering spectra are measured with far-
field total internal reflection (TIR) microscopy with an
inverted microscope. Light from a 30 W tungsten halogen
lamp is passed through a 455 nm long-pass filter and coupled
into a multimode fiber (6lxm core), which serves as a spatial
filter. The fiber output is collimated and focused into a fused
silica prism. Index matching fluidn(= 1.47) couples the
prism to the bottom of the fused silica substrate, placing the
Au bowties at the ITG-air interface. For all experiments,
the excitation light is s-polarized and the axis of each bowtie
is carefully oriented either parallel or perpendicular to the
polarization axis. When the bowties are not present, the
Eigwtr_e 1. SEM ingeftOf representati7v§ bo"‘l’tie atn_tennlas. E‘?t%h excitation is confined to the evanescent field and no light is
ggpsliflzg%nr;p&ean?j Z\évso r?n[ip(%s)l.n_?r,] e ALT??er?Sngl’engggn(ranS'ﬂYiv(lik Qetected in_ the far-field with thg microsc;ope. When a bpvvti_e
with a 5 nm Cradhesion layer and are deposited onto an ITO- IS present in the evanescent field, far-field scattered light is
coated fused silica coverslip. The “halo” of lighter contrast around collected with an air objective (169 0.8 NA), and a 50
the particles is likely due to charging induced during SEM imaging ym pinhole is placed at the microscope image plane to
and is ignored when determining dimensions. spatially filter the collected light to an aree0.5xm diameter

Au bowties were fabricated with electron beam lithography O the sample plane. The particles are located by scanning
(EBL) on a transparent substrate using a commercial EBL the sample stage and observing the broadband scattered light

tool (Raith 150), located at the Stanford Nanofabrication c°llécted with a single-photon counting avalanche Si pho-
Facility. Substrates consisted of a 14 thick fused silica  todiode. Spectra are acquired by dispersing the scattered light
coverslip 6 = 1.47), overcoated with 50 nm of indium tin  With @ 150 lines/mm grating monochromator onto a liquid
oxide (ITO) to reduce charging effects during EBL. Good- n_|trogen-cooled charged coupled device Si detector_ in a
berlet et al* demonstrated the ability to write line widths Single 60 s camera exposure. All spectra presented in this
of 19 nm with this tool using single pass lines. The bowties Study are corrected for the wavelength and polarization
were laid out using single pass lines to reduce proximity dependences of the lamp emission, optical system throughput,
effects, thus increasing EBL resolution. Prior to EBL writing, and detector quantum efficiency.
the sample was cleaned in acetone and baked in an oven at Optical excitation of the bowties excites the plasmon
150° C for 2 h toremove moisture. A 50 nm-thick layer of ~resonance of the structure, which may be sensed in the
poly-methyl-methacrylate (PMMA) (1% in chlorobenzene, wavelength dependence of the scattering spectra. Figure 2
950,000 m.w.) was spun on the ITO layer and the sample shows the scattering spectra of five different bowtie antennas,
was baked in an oven at 15C for 2 h toharden the resist ~ covering a spectral range from 480 to 910 nm, with the
and remove residual solvent. During EBL, the resist was polarization oriented along (A) and orthogonal to (B) the
patterned at an acceleration voltage of 10 kV and a dose ofaxis of the bowtie. The spectra have varying line shapes and
275 pClcm. After exposure, the resist was developed @t 22 peak amplitudes, revealing heterogeneity among individual
C using a 25% methyl-iso-butyl-ketone in isopropyl alcohol bowties fabricated at high resolution (see below), so the
solution for 28 s. Following development, the sample was primary variable we interpret is the peak wavelength. Strong
plasma-etched in £(100 sccm, 200 mT, 85 V) fo5 s to gap-dependent spectral shifts are evident for bowties pumped
remove residual resisA 5 nm Cradhesion layer and 20 along their long axes. For gap sizes less than 100 nm, the
nm Au layer were then deposited using an electron-beamspectra blue-shift as gap size increases, from a peak
evaporator, with the metal film thickness measured by a wavelength of 830 nm (17 nm gap) to 720 nm (97 nm gap).
quartz crystal monitor, and the patterns were transferred toHowever, at gaps larger than 100 nm, the spectra red-shift
the substrate via a lift-off process with acetone. with increasing gap lengths; a bowtie with a 485 nm gap
Scanning electron microscope (SEM) images of represen-produces a resonance at 795 nm. For spectra acquired when
tative bowties acquired with 2 nm lateral resolution are the excitation light is polarized perpendicular to the bowtie’s
shown in Figure 1. For this study, the dimensions of each long axis, the peak scattering wavelength varies little with
constituent triangle of a bowtie were held constant att75  increasing gap lengths, though the scattering intensity
5 nm in length (the distance from the midpoint of the triangle decreases with increasing gap size. After scattering spectra
base to its apex), gap lengths were varied from 16 nm to were measured for a given bowtie at both polarizations, the
nearly 500 nm, and the triangular tips were observed to haveshape and length of a given structure were characterized with
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Figure 2. Scattering spectra for five individual metallic bowtie ~the ratio,r, of center-center distance to triangle length for incident
antennas, with the incident illumination polarized parallel (A) and llumination parallel (A) and perpendicular (B) to the antenna axis.
perpendicular (B) to the long axis of the bowtie. Gap sizes are 1h€ peak experimental wavelengths are determined witd nm
indicated at the right of each spectrum, and all spectra are Uncertainty. Note the minimum in panel (A) at~ 2. FDTD
normalized to the same maximum intensity (relative intensities have Simulations are presented for incident light polarized parallel to
not been changed), but are offset for clarity. The zero level is the antenna axis onIy_ and are in excellent agreement with the
indicated for each spectrum. experimental observations.

an SEM. It should be noted that performing SEM imaging plasmon resonances near the uncoupled value of 790 nm,
on a bowtie before measuring its scattering spectrum though there may be a modest red-shiftrascreases. It
significantly alters the scattering properties of the particles, should be noted that bowties fabricated in different runs
indicating that SEM imaging changes the composition of the displayed a similar trend in their gap-dependent scattering
Au particles. Therefore, all SEM imaging was done after response, though other samples were restricted to a smaller
measuring scattering spectra. gap range. The scatter in both panels of Figure 3 exceeds
Plotting the peak resonant wavelength as a function of the the uncertainty in the peak wavelength measurement and is
separation distance provides further insight into the inter- likely due to the heterogeneity that exists among single
particle coupling behavior of single bowtie antennas. Figure antennas, which is dependent on several factors, including
3 shows the resonant scattering wavelength for 27 individual particle shape and orientation, local film thickness, local
bowties fabricated in the same production run, with gaps substrate effects, and the lattice structure of the Au. Particles
ranging from 16 to 488 nm, plotted againsthe dimension- that appear the same with SEM imaging can behave quite
less ratio of centercenter distance (taken as 75 nm plus differently, demonstrating the sensitivity of the bowtie
the gap length) divided by triangle length (particles that are coupling effects to the precise shape, roughness, and local
touching would have = 1). The scattering resonances of environment of the metallic structures. Further, the scatter
bowties pumped along their long axes (Figure 3A) show a in Figure 3 may also provide some insight to the key factors
strong dependence on the gap length, indicating considerablecontrolling the nanometer-scale interaction of metallic nano-
coupling between the plasmon resonances of the two particles. The gap-dependent scattering response is more
triangles. At the shortest gaps—= 1.23 (17 nm gap), the  consistent for the smallest gaps when the incident light is
plasmon resonance is 83010 nm, and the spectra sharply polarized along the particle axis (Figure 3A<1r ~ 2) but
blue-shift as the gap increases umti= 1.6 (45 nm gap, is less predictable for larger gaps and also when the light is
705+ 10 nm plasmon resonance). For still larger gaps, the polarized perpendicular to the particle axis. It is conceivable
spectra red-shift with increasing separation distance, until that the coupling is dominated by the capacity of the gap
the particles begin to decouple for= 7.50 (488 nm gap), itself at small distances, but the shape and nanoparticle
where the spectrum is peaked at 72010 nm. Bowties composition become more important at larger separation
pumped orthogonal to their long axis (Figure 3B) show distances. Thus, nanoscale variations in the particles and the
considerably different gap dependence. Most bowties havesubstrate, which are undetectable with the SEM, may have
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a greater effect on the scattering response for particles thatfalls off exponentially as a function of distance and is
are more weakly coupled to each other. predicted to be insignificant for particles with> 3.5.

Finite difference time domain (FDTD) simulations are also ~ Other recent work has focused on the gap-dependent
presented in Figure 3A for comparison to the experimental plasmon resonances for arrays of disk-shaped and triangular
observation. Extensive FDTD simulations have been per- Particles arranged in square and hexagonal lattices with
formed and will be presented in detail elsewhérbut are  Periodicities ranging from 200 nm (the particle size) to 500
briefly presented here to demonstrate the strength of this"M-"* The authors utilized electrodynamics simulations in
technique to predict the plasmon resonance of coupledthe coupled dipole approximation (CDA). Zhao etadetail
nanoparticle systems. Briefly, FDTD softwéfevaluates the & Semianalytical method based on CDA theory to understand
electric field distribution in the vicinity of a single bowtie, particle coupling effects in terms of a dimensionless lattice

and this is converted to a far-field extinction efficiency. The sum, S given by
simulation is repeated at several wavelengths to determine . ,
the resonant wavelength for a given antenna structure. The (1 — ikd;)(3cog0; — 1) Ksir, e
bowtie structures simulated are of the same gap length, radiusS= d’ +

of curvature of the tip, film thickness, size, and shape as the
bowties measured experimentally, i.e., the particles are

modeled to be 20 nm thick Au on 4 nm Cr at the interface Wheredij is the distance between particleand], 0 describes
of air and 52 nm ITOf = 1.95). lllumination is provided  the angle between the polarization vector and the vector from
by a plane wave that passes through fused silica (L.47) particlei to j, d is the lattice spacing, arkl= 27/A. It was
and into the ITO, and the polarization of the incident fields shown that the real part &describes the plasmon resonance
are chosen to mimic the experimental conditions. The shift, with positive values indicating a red-shift and negative
simulation data are in remarkable agreement with the values a blue-shift, and the imaginary part®tlescribes
experimental observation, as seen in Figure 3A, with plasmonthe width of the resonance, with positive values indicating a
resonances spanning the appropriate wavelength range antiroadened line shape compared to an uncoupled particle
the characteristic minimum near~ 2. spectrum. The t term describes short-range interactions,
While numerical methods, such as FDTD simulations, can While the 14 term, describing the radiative dipole interaction,
provide accurate predictions of certain properties of nano- dominates at larger lattice spacing. Most notably, each term
particle systems, other theoretical methods are also importan@Scillates in phase as the retardation facet, Because of -
in understanding the physical properties of nanoscale antenhis oscillating retardation, the authors predict a blue-shift
nas. However, relatively little theoretical modeling has been IN the scattering spectra for two-dimensional arrays with
generated for the electromagnetic coupling of triangular- STall d. where the large, p05|t|v_kedd3/ term dominatess
shaped nanoparticles. Recent experimental and theoreticapUt a red-shift for Iarge_d, whene®® changes sign and the
studies on interparticle-spacing-dependent scattering for othe /d term becomes dominant. The CDA approach appears to

nanoparticle shapes and configurations may provide valuablebe qualltlastlvely robust, agreeing we!l \.N'th other.the-ore'ucal

N ; . : .. _methods!® however, only the red-shifting behavior is seen
physical insight into the bowtie antennas which will assist : :
; . ) . . experimentally in array samples.
in developing metallic nanostructures with maximally en- L : . .

: 2 To lowest order, it is conceivable to consider a bowtie
hanced near fields. Rechberger et?ateported that the : : :
. antenna as a one-dimensional system of two dipoles. For a

spectra_of coupleq dlslf-shaped p_art|c|es pumped along tr?e'rone-dimensional dipole system, thel 1¢rm vanishes when
long axis blue-shift with increasing gap lengths, but this

) the light is polarized parallel to the long axis, since &jr~
effect subsides for - 2, where the plasmon resonance g \which would indicate only a short-ranged/dependence
wavelength remains fairly constant uprte- 3, the maximum 1, the plasmon resonance. Indeed, the one-dimensional
value studied. The spectra show a slight red-shift when the dipole—dipole interaction model appears to explain the gap-

polarization is perpendicular to the particle axis. The authors jenendent blue-shifting spectral trends seen over the range
explain both effects with a simple dipet@ipole interaction of gaps studied thus far for disc-shapednd elliptical

picture. When the particles are excited, they become p°|ar'particlesl,3 but it fails to explain the red-shifting behavior
ized. When the incident light is polarized along the dimer nat we observe for the bowties with large (00 nm) gaps
axis, the charge separation creates an attractive force,pumped along their axes.

lowering the plasmon energy. As the gap length increases, alternatively, one can treat each triangular constituent of
this effect diminishes and the plasmon energy approachesthe bowtie as a finite, two-dimensional array of small dipoles
that of a single, isolated particle. For particles pumped and use existing theory for infinite two-dimensional arrays
orthogonal to the long axis, the polarizability of the particles to extrapolate to our system, and with this approximation,
creates repulsive forces, which are strongest for the smallesthe CDA qualitatively agrees with the gap-dependent spectra
gaps, thus explaining the observed red-shift. Su €8 al. that we observe. Most notably, for bowties pumped with
observed blue-shifting spectra with increasing gap lengths, incident light polarized along their axes, there is clear
fromr = 1tor = 2.5, for single, elliptical particles pumped evidence of an oscillating retardation effect, as evidenced
with light polarized along the dimer axis, and explained their by the minimum seen in Figure 3A for~ 2. According to
results with a tunneling model, whose coupling efficiency refs 11 and 15, the wavelength at which the blue-shift

1)
IE3] dﬁ dij
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becomes a red-shift for an array of particles behaving as can be qualitatively explained by a two-dimensional coupled
dipoles is largely determined by the criteriomApiasmon dipole approximation that was first developed to predict the
~ 1. HenceD defines the nearest neighbor distance where scattering spectra for nanoparticle arrays. The resonances of
the 1H term begins to determine the plasmon resonance andsuch bowtie structures should be accompanied by enhanced
ApiasmoniS the uncoupled particle plasmon wavelength. While local fields that may be useful in future nanoscale imaging
the CDA theory was developed for a different system, applications.

evaluating this expression for our system, usiRgsmon=
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